The freshwater shrimp Caridina gracilipes is widely distributed in the Indo-Pacific, and both landlocked and amphidromous populations occur in southern Taiwan. In this study, we collected monthly samples between September 2006 and August 2008 from a lake and a stream, representing landlocked and amphidromous populations, respectively. We found the amphidromous individuals were larger and grew faster than the landlocked individuals. The mature females in the landlocked population are in general small compared to the amphidromous population, and their eggs were larger but fewer than the amphidromous females. Ovigerous females could be found year-round in both populations, but the main recruitment was in September. The life span of females was longer than males; that of amphidromous were longer than landlocked populations. We found that populations of C. gracilipes in the subtropical region have evolved different biological and reproductive strategies based on their landlocked and amphidromous life histories.
INTRODUCTION
Caridina gracilipes De Man, 1892, (Caridea) is a freshwater shrimp with a wide distribution in tropical and subtropical Indo-Pacific regions. It can be found in China, Taiwan, the Philippines, and the Sulawesi Islands (Yam and Dudgeon, 2005; Cai and Shokita, 2006; Cai et al., 2006) . It normally inhabits vegetated downstream areas, ponds, and reservoirs where water flow rate is low (Shy, 1994) , feeds on algae and the detritus on the bottom (Oh et al., 2003) , and is preyed on by fish, birds, and other crustaceans (Hughes, 1992; Goudswaard et al., 2006) .
The life history of freshwater shrimp consists of an amphidromous population, where larvae spend time in the sea before migrating back to freshwater, and a landlocked population, in which the entire life span of the shrimp takes place in freshwater. Although many freshwater shrimp are amphidromous, still many others are completely fresh water.
Macrobrachium nipponense (de Haan, 1849) is one species that exhibits both life histories and has been studied in great detail. Mashiko (1983) found that the body and egg sizes of M. nipponense were different between amphidromous and landlocked populations; amphidromous individuals produced a higher number of smaller eggs, whereas landlocked individuals produced a lower number but larger eggs (Mashiko, 1990) . However, individuals from the different populations could easily mate and produce viable offspring in the laboratory (Mashiko, 1984) . Another species of freshwater shrimp, Paratya australiensis Kemp, 1917 , was also found to have different body and egg sizes based on different life history patterns (Hancock, 1998) .
Caridina gracilipes is commonly found in most streams and reservoirs in Taiwan. Field surveys in the Taiwanese streams have revealed that there is a significant difference in body size between populations, especially those found in streams versus those found in lakes and reservoirs. A recent study (Han et al., 2009 ) using 15 polymorphic microsatellite loci showed that there is significant genetic differentiation among populations. However, other studies of this species were mostly associated with the surveys of the biodiversity of freshwater shrimp at various localities (Cai and Shokita, 2006; Cai et al., 2007) , while studies of the biology and ecology of the species are rare. Hence, the objectives of the present study are: 1) to examine the basic biological characteristics, such as the population dynamics, the length-weight relationship, sex ratio, the recruitment, egg size, number of egg produced, percent of ovigerous female, and 2) to compute the growth of C. gracilipes using the electronic length frequency analysis method to identify the difference in growth, recruitment, and age between the amphidromous and landlocked populations. 21 during dry and rainy season, respectively. The bottom substrate at both sites is composed of sand and gravel. We used hand-held dip nets (mesh size 0.5 mm) to collect the shrimp. We sampled for 30 min over a distance of approximately 50 m for each sample.
Environmental Conditions
We measured water temperature, pH, conductivity, and turbidity using an ABB Kent-Taylor multiple probe unit with a connected multi-functional chemistry and water quality monitor (Solomat 520C, Solomat, Wilmington, Devon, UK). Dissolved oxygen (DO) was measured simultaneously using an oxygen meter (model 55 YSI, Yellow Springs, Ohio). Water samples were collected and brought back to laboratory for analyses of ammonia, nitrite, nitrate, and phosphate according to the methods in APHA (1995) .
We brought the sampled shrimps back live to the laboratory, and temperature was gradually decreased until the organisms fainted to prevent molting as a result of sudden environmental changes. They were fixed with 4% formalin, held overnight, and then archived in 70% ethanol until further measurements were made (Oh et al., 2003) .
We determined the sex of each shrimp by examining the second pair of pleopods under a dissecting microscope for the presence (male) or absence (female) of appendices masculinae (Cai and Shokita, 2006) . The carapace length (CL, measured with an ocular micrometer to the nearest 0.01 mm), defined as the length from the post-orbital notch of the carapace to the mid-posterior dorsal margin, and the blot-dried wet weight (Wt) were recorded to elucidate the relationship between CL and Wt. Ovigerous females were weighed before and after stripping of eggs, and the percentage of ovigerous females was calculated as the number of female carrying eggs per the total number of females in the population. The eggs were counted, and length and width were measured under a microscope to calculate the volume (V) of each egg using the following equation (Oh et al., 2003) :
where r 1 represents the radius of the length, and r 2 represents the radius of the width.
Data Analyses
We used paired t tests to examine the differences of environmental parameters between the two sites. A length-weight relationship was computed for the Wt as a function of CL (Weatherley and Gill, 1987) for both sets of males and females of each population and the differences between sexes and different localities were examined using analysis of covariance (ANCOVA). A Chi-test determine whether the sex ratio at each site was 1:1. All data were ln-transformed before analyses to meet the assumption of normality and homogeneity of variances.
Population Dynamics and Age Estimation
The female and male carapace length data from different sites were analyzed separately using the electronic length frequency analysis (ELEFAN) incorporated in the FiSAT (FAO-ICLARM Stock Assessment Tools, FiSAT) software (Gayanilo et al., 1995) . These results were used to compute the von Bertalanffy Growth Formula (VBGF, Pauly and Gaschutz, 1979) in order to describe the growth of C. gracilipes. It takes the form:
where L t is the carapace length at time t, L ? is the maximum length, K is the growth coefficient, t 0 is the hypothetical age when the size of shrimp is zero, C is the amplitude of growth oscillations, and t s is the starting point of a sinusoidal growth oscillation. The growth performance index (Q) (Pauly and Munro, 1984) was calculated using the following equation:
to compare the growth between different populations. To find the best growth curve passing through the maximum number of peaks, different starting samples and starting lengths were subjected to the goodness-of-fit tests by assessing the R n index:
where ESP is the explained sum of peaks, and ASP is the available sum of peaks. The best growth curve has the highest R n value.
RESULTS
The water temperatures at Long Luan Lake ranged from 18.8uC to 34.2uC, whereas temperatures at Kang Kou Stream ranged from 23uC to 35.8uC, with significantly higher temperatures at Kang Kou Stream (Paired t test, P , 0.001, Table 1 ). DO, pH and conductivity were also significantly higher at Kang Kou Stream (P , 0.001) than at Long Luan Lake. However, turbidity and ammonia concentration were lower at Kang Kou Stream (P , 0.05) than at Long Luan Lake, while NO 3 , NO 2 and PO 4 concentrations were similar at both sites (Table 1) . A total of 2337 amphidromous (1490 male, 847 female, mean density 5 100 6 42 ind CPUE 21 ) and 4650 landlocked (2212 male, 2438 female, mean density 5 163 6 67 ind CPUE 21 ) C. gracilipes were collected during the sampling period. The monthly mean (6 SE) carapace lengths of amphidromous males (3.43 6 0.02 mm) and females (3.81 6 0.06 mm) were significantly larger than their respective landlocked counterparts (male CL 5 2.57 6 0.01 mm, female CL 5 2.72 6 0.02 mm) (Fig. 2) . The smallest sizes from both locations were collected in September (Fig. 2) , indicating the primary recruitment of this species was in this time period.
The carapace lengths of landlocked females and male ranged between 0.72-5.92 mm and 1.25-4.33 mm, respectively, while their weights ranged between 0.1-165.8 mg and 1.1-70.0 mg, respectively. The carapace lengths of amphidromous females and male ranged between 1.40-7.27 mm and 1.54-4.63 mm, respectively, while their weights ranged between 4.1-323.2 mg and 7.5-84.4 mg, respectively. The relationships between CL and WT for both sexes from the different populations were significantly different (ANCOVA, P , 0.05), and were shown as follow ( Fig. 3 The sex ratio in landlocked and amphidromous populations was 1 =:1.1 R and 1 =:0.6 R, respectively during the sampling period (Fig. 4) . Males consistently outnumbered females in the amphidromous population (Chi-test, P , 0.001), while less bias was observed in the landlocked population.
The percentage of ovigerous females was significantly higher in the amphidromous population than in the landlocked population (Fig. 5a ) (paired t test, P , 0.001).
Ovigerous females were found in most of the months in the amphidromous population, but were more concentrated between May and August for the landlocked population (Fig. 5a ). The mean carapace length of ovigerous females in the landlocked population was significantly smaller than those in the amphidromous population ( Fig. 5b) (P , 0.001). The smallest ovigerous female in the landlocked population was recorded at 3.24 mm, as compared to 4.00 mm recorded in the amphidromous population. The clutch size of landlocked females (range: 51-911 eggs; mean: 251 6 147 egg; Mean 6 SD) was significantly smaller than that of the amphidromous females (range: 147-2336 eggs; mean: 999 6 552 eggs) (P , 0.001) (Fig. 5c) . The average egg volume, however, was significantly higher in the landlocked population (range: 0.08-0.21 mm 3 ; mean: 0.13 6 0.02 mm 3 ) than in the amphidromous population (range: 0.04-0.16 mm 3 ; mean: 0.07 6 0.02 mm 3 ) (P , 0.01) (Fig. 5d) . The egg mass per female weight, however, was not significantly different between the two populations (P . 0.05) (Fig. 5e) .
The growth parameters L ? and K obtained from ELEFAN for landlocked males and females were L ? 5 4.20 mm, K 5 0.98 year 21 (R n 5 0.238), Q 5 1.24 (Fig. 6a) and L ? 5 6.11 mm, K 5 0.90 year 21 (R n 5 0.249), Q 5 1.53 (Fig. 6b) , respectively. For amphidromous males and females, they were L ? 5 4.85 mm, K 5 0.87 year 21 (R n 5 0.339), Q 5 1.31 (Fig. 6c) and L ? 5 7.57 mm, K 5 0.84 year 21 (R n 5 0.230), Q 5 1.68 (Fig. 6d) , respectively. Based on the growth curves, C. gracilipes recruitment is likely in September for both landlocked and amphidromous populations. The life spans of landlocked males and females were estimated at 12 and 14 months, respectively, as compared to 12 and 22 months for amphidromous males and females, respectively.
DISCUSSION
Caridina gracilipes are widely distributed in lenthic and lotic waters in Taiwan. In the present study, most of the physico-chemical parameters, such as nutrients, air temperature, and benthic substrates between the two study sites, , 10 km apart, were similar in all months. However, the physical parameters in the water were quite different, with significantly higher water temperature, DO, pH, and conductivity in the stream than the lake (Table 1) . Hart (1981) and Hancock and Bunn (1997) found that water temperature was the most important factor affecting the reproduction and recruitment of atyid shrimp. The frequency of ovigerous shrimp was also positively correlated with temperature for some carideans (Dudgeon, 1985) . Caridina spp. in Japan (Kamita, 1959) , Palaemonetes paludosus (Gibbes, 1850) in Florida (Beck and Cowell, 1976) , Macrobrachium ohione (Smith, 1874) in Louisiana (Truesdale and Mermilliod, 1979) , and C. singhalensis Ortmann, 1894 in the Sri Lankan highlands (De Silva, 1982) all increased in abundance when temperatures were high. Colder waters also produced larger mean egg size and smaller mean relative brood size for freshwater shrimp Palaemon paucidens de Haan, 1844 in various localities in Japan (Nishino, 1980) , similar to our study in the landlocked population. The consistently higher water temperature in the stream might be an important factor causing the differences between the landlocked and amphidromous population in the present study. The smaller body size in the landlocked population could also be attributed to the 60% higher shrimp density in the lake than in the stream (163 6 67 vs. 100 6 42 ind CPUE 21 , respectively). There is evidence that crustacean growth is density-dependent, and shrimp produced at high densities in aquaculture pond experiments are often smaller (Wyban et al., 1987; Naranjo-Páramo et al., 2004) . Furthermore, we could not rule out the possibility of differences in food resources between the two sites since the amount of available food was not evaluated in this study.
In natural shrimp populations, it is normal to see a biased female sex ratio (Giesel, 1972; Alon and Stancyk, 1982) . In our study, similar numbers of males and females were found in the landlocked population, whereas significantly fewer females were found in the amphidromous population. Since no sex change has been reported for this species, we rule out the possibility that the skewed sex ratio in the amphidromous population is an adaptive response to population fluctuations (Charnov et al., 1978) . Our sampling site was only 3 km from the sea, which ruled out the possibility of ovigerous females migrating downstream to release eggs and causing sampling bias as shown in other freshwater shrimp studies (Chao, 2000) . Other factors such as differential mortality between the sexes, disproportional activity between the sexes, and utilization of different habitats by the two sexes may also cause the skewed sex ratio (Darnell, 1958; Wenner, 1972) .
Ovigerous females in the amphidromous population can be found in most of the months during our study, whereas in the landlocked population they were more abundant between May and August, which coincided with the rainy season in the region (Han et al., 2007) . One study has shown that during the rainy season, the rising water in a lenthic environment tends to increase micro-habitats for shrimp larvae to occupy (Benzie and De Silva, 1983) , which might be the reason for the major recruitment seen in the landlocked population in our study. The reproductive seasons of some freshwater shrimp species, such as Caridina nilotica (Roux, 1833) (cf. Hart, 1981) , C. pristis (Roux, 1931) , C. simony Bouvier, 1904 , C. fernandoi Arudpragasam and Costa, 1962 (cf. De Silva, 1988a , Neocaridina denticulata denticulata (De Hann, 1844) (see Oh et al., 2003) and P. australiensis (Williams, 1977) also coincide with the rainy season. However, other freshwater shrimp, such as C. serrata Stimpson, 1860, and C. cantonensis Yu, 1938 , in the lower latitudes were reported to carry eggs year-round (Hart, 1981; Yam and Dudgeon, 2005) , as well as a freshwater crab Potamonautes sp., in the tropics (Dobson et al., 2007) . Bauer (1989) analyzed the breeding and recruitment of nine caridean shrimp species and revealed that reproduction was continuous in all the species but the recruitment pattern was episodic and concordant among species without a seasonal pattern. He suggested that similar environmental factors, e.g., mortality, acted simultaneously on larvae and/or juveniles of all species. Our environmental result indicated that the highest turbidity values were in July and August for both study sites (data not shown), suggesting a possible period of light predation on juvenile shrimp by visual predators such as fish, birds and other crustaceans (Hughes, 1992; Goudswaard et al., 2006) that are commonly found in the study area. Yam and Dudgeon (2005) found that eggs of other species of Caridina might not hatch during a nonreproductive season, which might also be applicable to C. gracilipes in our study.
Our study found that the landlocked population carried significantly less but larger eggs than the amphidromous population. Larger eggs imply larger offspring with abbreviated zoeal stages (, 1 week before settling into benthic life in laboratory studies, data not shown), which have a higher survival rate but at a cost of fewer numbers of offspring that can be produced by a female. In contrast, smaller eggs imply smaller offspring with longer zoeal stages (. 2 wks before settling into benthic life in laboratory studies, data not shown) and lower survival rate (Hancock, 1998) . It has been shown that egg sizes within a species can vary greatly due to genetic or environmental variation (Nishino, 1981; Clarke et al., 1991; Mashiko, 1992a, b; Hancock et al., 1998; Walsh, 1993) . For example, the egg sizes of M. nipponense and P. australiensis were genetically controlled (Mashiko, 1992a; Hancock et al., 1998) , whereas the clutch size of P. australiensis was influenced by the environment (Hancock et al., 1998) . At this stage of our study, we have yet to clarify if the differences in egg size between landlocked and amphidromous populations are genetically or environmentally related. Yet, intra-specific differences in egg size also occur in fishes such as ayu (Iguchi and Yamaguchi, 1994) , sockeye salmon (Quinn et al., 1995) , and goby (Maruyama et al., 2003) .
The percentage of egg mass per female weight is an indication of how much energy a female allocates in reproduction (Oh et al., 2003) . Our results showed that landlocked females allocated 15.9% of their body weights into egg production, whereas amphidromous females allocated 16.4%. These numbers were similar to the marine brown shrimp Crangon crangon Linnaeus, 1758 (9-24%, Oh and Hartnoll, 2004) and the landlocked freshwater shrimp N. denticulata (44%, Oh et al., 2003) . According to Fig. 6 . The relationship between monthly von Bertalanffy growth curves of C. gracilipes from a landlocked and an amphidromous population as superimposed on the restructured length frequency histograms. A, landlocked males; B, landlocked females; C, amphidromous males; D, amphidromous females. Anger and Moreira (1998) , freshwater shrimp usually allocate more energy towards reproduction than marine shrimp, which implies that landlocked C. gracilipes should produce a larger egg mass per female weight than the amphidromous female. Our results did not support the hypothesis initially; we found a high percentage (. 50%) of parasitic annelid worms, Branchiobdellidae (Oligochaeta), in the egg masses of landlocked females but not in those of amphidromous females (0%). These parasites usually are the major cause of egg detachment in shrimp (Oh and Hartnoll, 1999 ). Since we did not separate the females with parasites from those without parasites during the study, we could not rule out the possibility of underestimating the egg mass for the landlocked population.
Based on the growth curves obtained in our study, we estimated that the longevity of male C. gracilipes was about 12 months, whereas the female was 14-22 months. Compared to other tropical Atyidae, such as C. simoni and C. fernandoi, which has a life span of about 12 months (De Silva, 1988a, b; De Silva and De Silva, 1989) , life span of female C. gracilipes in this subtropical region is a lot longer. In general, female shrimp lives longer than male shrimp, and those which inhabit higher latitudes tend to live longer than those in lower latitudes (Guerao et al., 1994) . Furthermore, the growth performance index (Q) from both localities in our study showed that females grow faster than males, similar to the results of N. denculata denculata from temperate regions (Oh et al., 2003) and C. fernandoi from tropical areas (De Silva and De Silva, 1989 ).
In conclusion, C. gracilipes in the subtropical region has evolved different strategies dealing with landlocked and amphidromous life histories. The average size of amphidromous individuals is larger than that of landlocked individuals. The females from the landlocked population lay eggs at a smaller body size, but their eggs are larger and fewer than the amphidromous females. Year-round ovigerous females can be found in both populations, however the main recruitments are found in September. Further, the life span of females is longer than males in both populations, although the amphidromous females have a longer life span than landlocked females; the males appear to be more similar.
